Liver disease encompasses a wide variety of liver conditions, including liver failure, liver cirrhosis and a spectrum of acute and chronic hepatitis, such as alcoholic, fatty, drug, viral and chronic hepatitis. Liver injury is a primary causative factor in liver disease; generally, these factors include direct liver damage and immune-mediated liver injury. Neutrophils (also known as neutrophilic granulocytes or polymorphonuclear leukocytes (PMNs)) are the most abundant circulating white blood cell type in humans, and PMNs are a major innate immune cell subset. Inappropriate activation and homing of neutrophils to the microvasculature contributes to the pathological manifestations of many types of liver disease. This review summarizes novel concepts of neutrophil-mediated liver injury that are based on current clinical and animal model studies.
INTRODUCTION
The liver is strategically positioned between the intestine and the circulatory system and is continuously exposed to bacterial products, toxins and food-derived antigens. Hepatocytes comprise 60%-80% of all liver cells, and they conduct the metabolic, biosynthetic, detoxification and biliary secretory functions of the liver. Many diseases can affect the liver, including alcoholic, fatty, drug-induced and viral hepatitis. Liver inflammation and necrosis can generally cause liver diseases. The innate immune system is the first line of defense against initial environmental challenges and injury and is activated much more rapidly than the adaptive immune system. In the liver, the innate immune system is driven by a complex set of leukocytes and anti-microbial proteins, including natural killer cells (NKs), natural killer T cells (NKTs), dendritic cells (DCs), neutrophils, eosinophils and complement components. Of these cell subsets, neutrophils have an especially crucial role in the defense against infections. However, overwhelming activation of neutrophils is known to induce liver damage. Therefore, liver neutrophil activation is considered to be a double-edged sword. Herein, we review the evidence from investigative patient and animal model studies that implicate aberrant neutrophil activity as the cause of liver disease.
NEUTROPHILS IN THE DEFENSE AGAINST INFECTION
The initiation of infection-and sterile-based types of inflammation results in the trafficking and localization of neutrophils to the injured sites. The profound susceptibility to bacterial and fungal infections that results from neutropenia or defects in neutrophil trafficking demonstrates the essential role of neutrophils in host defense. 1 Neutrophils are derived from the bone marrow and circulate in the peripheral blood. Generally, neutrophils develop over a 14-day period in the bone marrow. They subsequently survive for a short period of time, with a 12-to 18-h half-life in the peripheral blood. However, under some conditions, the half-life of circulating neutrophils has been demonstrated to be much longer (approximately 3.75 days), and the half-life of tissue neutrophils has been estimated to be 6-15 times longer than that of circulating neutrophils. 2 Granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor-CSF are cytokines that possess the potential to release neutrophils from the bone marrow. Both cytokines increase the number of circulating neutrophils, promote the maturation and activation of neutrophils and extend the lifespan of neutrophils. In mice, it has been observed that a single injection of G-CSF leads to a fivefold increase in circulating neutrophils. 3 However, aberrant activation and an extended lifespan of tissue-infiltrating neutrophils can increase the probability of extracellular damage.
High levels of circulating bacterial lipopolysaccharide, which occurs during Gram-negative sepsis or endotoxemia, were found to stimulate Kupffer cells and other resident leukocytes to produce large amounts of interleukin-10 (IL-10). IL-10 can cause the downregulation of neutrophil Mac-1 surface expression. This effect results in neutrophil recruitment to the liver microvasculature and is primarily dependent on CD44 binding to endothelial hyaluronan. The removal of hyaluronan from the sinusoidal endothelium or the blockage of the interaction of hyaluronan with its principal receptor (CD44) significantly reduced neutrophil recruitment to the liver. 4 In sterile tissue injury, neutrophils do not function as antimicrobial effectors; instead, they clear debris and initiate the wound-healing process. 5 Tissue damage and necrotic cell death often result in the release of damage-associated molecular patterns, which stimulate local intravascular sentinel cells (Kupffer cells) to produce IL-1b, leading to intercellular adhesion molecular-1 (ICAM-1) upregulation on sinusoidal endothelial cells. Neutrophils are then recruited to endothelial ICAM-1 via a b2 integrin (Mac-1)-dependent adhesion mechanism. Cytokines, such as tumornecrosis factor-a, activate complement factors and, to a lesser degree, CXC chemokines are potent activators of neutrophils, triggering their accumulation in the sinusoids. 6 During a bacterial infection, neutrophils rapidly traffic from an axial stream to a bordering group of cells that are primed for the elimination of pathogenic bacteria. Neutrophils exist in three states: resting (unstimulated), primed (following an encounter with an inflammatory agonist or microbial-derived product that has lowered the threshold stimulus needed for activation) and activated (having undertaken a defined function). The transition of neutrophils from a resting state (in circulation) to an activated state (at an infection site) is triggered by an ordered sequence of signals from the priming stimuli-e.g. C5a, LPS or cytokines. 7 In addition to their ability to clear pathogens, neutrophils also have the potential to regulate the immune response. Recently, a new neutrophil subpopulation (CD11c bright / CD62L dim /CD11b bright /CD16 bright ) was identified, and this population has the capacity to inhibit the T-cell response. The release of hydrogen peroxide from neutrophils into the neutrophil-T-cell immunological synapse suppressed T-cell proliferation. 8 Furthermore, a recent study revealed an intricate relationship between neutrophils and marginal zone B cells. 9 Another report confirmed that neutrophils likely play a role in the regulation of the terminal differentiation and functional responsiveness of NKs. This effect was demonstrated through the colocalization and direct physical interaction between these two cell types. 10 Precise control of neutrophil death programs provides a balance between defense functions and safe clearance. The removal of neutrophils by apoptosis is a homoeostatic mechanism that prevents damage to healthy tissues. Accumulating evidence indicates that outside-in signaling through the b2 integrin Mac-1 protein can generate contrasting cues in neutrophils, leading to increased survival or apoptosis. The binding of Mac-1 to its ligand, ICAM-1, suppresses apoptosis, whereas Mac-1-mediated bacterial phagocytosis induces apoptotic cell death. 11 Neutrophils that are undergoing apoptosis are accumulated by local phagocytes, thereby preventing the onset of tissue damage. During liver injury, excessive neutrophil activation has been implicated in the pathogenesis of organ damage ( Figure 1 ). Therefore, neutrophils might be critical inducers of liver damage.
NEUTROPHILS AND HEPATIC ISCHEMIA/ REPERFUSION (I/R) INJURY Hepatic I/R injury is a pathophysiological process that occurs when blood flow and oxygen delivery are restored after hypoxia, leading to increased organ damage. 12 Hepatocyte damage can occur during both the ischemic and reperfusion phases. The end result is cellular death through a combination of apoptosis and necrosis. It has been established that the length and method of ischemia applied to the liver and the background liver condition determine the degree of I/R injury that is sustained. 13 Generally, liver I/R injury is characterized by neutrophil recruitment and infiltration into the post-ischemic tissue. 14 The acute inflammatory response consists of two phases. During the Kupffer cell-mediated phase (0-6 h of reperfusion), the generation of reactive oxygen species aggravates organ damage. Activated Kupffer cells and infiltrating lymphocytes produce cytokines that further promote the inflammatory response. In the second phase (6-24 h of reperfusion), neutrophils become fully activated and express several types of mediators that dominate the liver injury process. These mediators include reactive oxygen species, complement components, proteases, CXCL-1 and CXCL-2.
15 IL-17A has been shown to be a key regulator in the initiation of neutrophil-induced inflammatory responses in the subacute phase. 16 In IL-1R1 and IL-17A deficient mice, hepatic I/R injury and neutrophil recruitment were attenuated. 17 A study of human liver damage identified a neutrophil elastase inhibitor that had therapeutic potential, and this inhibitor was associated with a reduced release of high mobility group box protein 1 and reduced IL-6 levels. 18 Additionally, an MMP-9 knockout model of liver I/R demonstrated reduced liver damage, and this reduction was associated with decreased neutrophil transmigration through the liver sinusoids. 19 Neutrophil transmigration across endothelial and extracellular matrix barriers is a complex process in liver I/R injury. The expression of L-selectin and b2 integrin (CD11b/CD18) on neutrophils has been shown to be important for adherence to the surface of sinusoidal endothelial cells and hepatocytes. 20 Furthermore, CD44 plays a pivotal role in neutrophil infiltration in murine hepatic I/R injury. Liver histology confirmed that the administration of an anti-CD44 antibody decreased the number of infiltrating neutrophils and improved sinusoidal congestion and hepatocellular necrosis. 21 However, despite very strong preclinical data, clinical trials for anti-adhesion therapy in I/R injury failed to show a significant benefit. 22 NEUTROPHILS AND VIRAL HEPATITIS Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are the most common causes of liver disease in the world.
Mechanisms of neutrophil-mediated Liver injury RN Xu et al.
Effective anti-viral immunity is believed to be important for the clearance of HBV and HCV, while the innate immune response, particularly neutrophil accumulation in the liver, and acute inflammation often cause collateral damage to the host liver tissue. Neutrophils can be induced to express a number of mediators that can influence inflammatory and immune responses. In transgenic mice infected with HBV, inhibiting neutrophil elastase was associated with the improvement of liver injury. 23 In the clinic, a reduction of neutrophils during the treatment of hepatitis C with Peginterferon was associated with a sustained virological response. 24 Passively transferred HBV-specific cytotoxic T cells recruit antigen-nonspecific lymphomononuclear and polymorphonuclear inflammatory cells that contribute to the pathogenesis of liver disease. However, the depletion of neutrophils was associated with diminished recruitment of antigen-nonspecific cells into the liver without affecting the antiviral activity of HBV-specific cytotoxic T cells. 25 This finding may be significant for the development of immunotherapeutic approaches for the treatment of chronic HBV infection.
NEUTROPHILS AND NON-ALCOHOLIC FATTY LIVER DISEASE
Non-alcoholic fatty liver disease, one of the most common causes of chronic liver disease in all regions of the world with modern industrialized economies, represents several overlapping clinical pathological states, ranging from simple steatosis to non-alcoholic steatohepatitis (NASH). Although dysregulated lipid accumulation occurs across the non-alcoholic fatty liver disease spectrum, the features of liver cell injury, such as hepatocyte ballooning, cytoskeletal changes (Mallory-Denk bodies) and hepatocyte apoptosis, predominantly occur in NASH and distinguish NASH from simple steatosis. 26 A prominent feature of the inflammation observed in NASH is neutrophil accumulation. Neutrophil-derived MPO can enhance macrophage cytotoxicity and induce neutrophil activation in a NASH mouse model. 27 In the foz/foz NASH metabolic syndrome model, a reduction of hepatic cholesterol stores was associated with ameliorated liver injury, and apoptosis and macrophage and neutrophil accumulation. 28 Additionally, dietary reversion suppressed uncoupling protein 2 expression and increased hepatic ATP levels, conditions that might favor apoptosis rather than reactive oxygen speciesmediated hepatocyte necrosis. 29 Neutrophil dysfunction was also associated with liver fibrosis and cirrhosis in NASH. Indeed, human neutrophil peptides have the ability to enhance hepatic fibrosis in fatty liver diseases by inducing hepatic stellate cell proliferation. 30 Furthermore, the neutrophil-tolymphocyte ratio (NLR) was higher in patients with NASH and advanced fibrosis, and this ratio can be used as a novel, non-invasive marker to predict advanced disease. Figure 1 Mechanisms of neutrophil-mediated liver injury. Different adhesion molecules mediate neutrophil recruitment to the liver during sterile inflammation and sepsis/endotoxemia. After migrating to the site of inflammation, neutrophil mediated hepatocyte injury through production of proinflammatory mediators, reactive oxygen species, elastase, etc. Once inflammation is cleared, neutrophils die by apoptosis and trigger an active program to resolve inflammation. FasL, Fas ligand; HMGB-1, high mobility group box protein 1; ICAM-1, intercellular adhesion molecular-1; MIP, membrane intrinsic protein.
NEUTROPHILS AND ALCOHOLIC LIVER DISEASE
Alcoholic liver disease (ALD) describes liver damage due to alcohol abuse. The clinical spectrum of ALD includes alcoholic fatty liver, alcoholic steatohepatitis with or without fibrosis, cirrhosis and hepatocellular cancer. The presence of neutrophils within the liver during alcoholic steatohepatitis has been previously described. Alcohol-induced hepatotoxicity and oxidative stress are important mechanisms that contribute to ALD pathogenesis. 32 In particular, ethanol has a dose-dependent inhibitory effect on several key neutrophil functions, such as oxidative burst, b2 integrin adhesion molecule expression and chemotaxis. The production of key neutrophil immune mediators was also altered by ethanol. For example, acute ethanol exposure in vitro can inhibit the production of pro-inflammatory cytokines IL-8, tumor-necrosis factor-a and HGF. 33 The migration of sinusoid neutrophils through the endothelium and into the liver parenchyma is essential for the development of alcohol-induced hepatic inflammation. The process of neutrophil adherence to the endothelium requires the interaction of CD11b/CD18 integrin (on the neutrophil surface) with ICAM-1 (on the endothelial cell surface). 34 This notion is supported by a study that showed that an ICAM-1 deficiency significantly reduced hepatic injury and neutrophil infiltration in a continuous enteral alcohol feeding mouse model. 35 Recently, the expression of hepatic E-selectin was also found to be pivotal for neutrophil infiltration into the liver, and contributed to the pathogesis of early stages of human alcoholic liver disease. 36 The initial innate immune response that leads to alcoholic hepatitis may be triggered by alcohol in the liver and through increased translocation of intestinal LPS, which activates hepatic Kupffer cells and recruits dysfunctional neutrophils to the liver. It is believed that activated Kupffer cells can produce a variety of cytokines and chemokines, including IL-8, RANTES, MIPs, IL-17 and others, which subsequently recruit neutrophils into the liver. 37 Previous studies have also shown that neutrophils from patients with alcoholic liver cirrhosis have a significantly higher resting activation threshold than that in patients with cirrhosis or in healthy subjects. This increased activation threshold is dependent on high level of endotoxin. Serum LPS-binding protein may serve as a marker of inflammation in alcoholics. 38 In addition to endotoxin, CCL2 is involved in ALD pathogenesis through neutrophil recruitment. Expression levels of CCL2 in the serum and liver was increased in alcoholic hepatitis patients, and this increase was pronounced in severe forms of the disease. 39 Furthermore, Ziol and colleagues 40 analyzed 35 alcoholic hepatitis patients and found that the hepatocyte apoptotic index, but not the ballooning hepatocyte index, was strongly correlated with the neutrophil infiltration index. Therefore, understanding of the role of the innate immune system, particularly the role of neutrophils, in alcoholic liver disease pathogenesis may help to identify novel therapeutic targets for this disease.
NEUTROPHILS AND LIVER FIBROSIS/CIRRHOSIS
Hepatic fibrosis represents a ubiquitous liver response to acute or chronic injury. The hepatic fibrosis process is driven primarily by inflammation in response to parenchymal injury. An improved understanding of the processes that govern inflammation and fibrosis has made it clear that both the adaptive and innate immune systems are involved in the regulation of fibrosis.
In liver cirrhosis patients, the intestinal barrier is altered by increased inflammatory cytokine production and systemic inflammation. The increased number of neutrophils and lower lymphocyte count reflects the level of inflammation in patients. The NLR was shown to predict mortality in liver cirrhosis patients independent of CTP and MELD scores. More importantly, the NLR could predict mortality in patients with low MELD and/or CTP scores. 41 Furthermore, neutrophil gelatinase-associated lipocalin was found to be a predictor of mortality in cirrhosis patients with hepatorenal syndrome. 42 Anti-neutrophil cytoplasmic antibodies are a non-uniform family of antibodies that recognizes diverse neutrophil components. Enhanced ANCA IgA formation is a feature of cirrhosis regardless of its etiology, and the presence of ANCA IgA has been found to be significantly higher in cirrhosis patients (in alcoholics and non-alcoholics) than in either chronic HCV patients or healthy controls. Levels of ANCA IgA increase with disease progression. 43 Recently, there has been evidence that a functional defect in neutrophils occurs even in stable cirrhosis, which is characterized by the release of inflammatory mediators into inflamed peripheral tissues. 44 A previous study of alcoholic patients with cirrhosis showed that neutrophils with an increased oxidative burst and reduced phagocytic capacity were associated with infection, organ failure and mortality. However, the neutrophil dysfunction was reversible using endotoxin-removal strategies. 45 These data demonstrated that neutrophil dysfunction was associated with poor liver cirrhosis outcomes.
NEUTROPHILS AND LIVER FAILURE
Liver failure is a life-threatening condition. The specific mechanisms governing neutrophil-induced acute liver injury have recently been summarized. 46 Inflammatory mediators, such as tumor-necrosis factor-a, IL-1, platelet-activating factor, IL-8, high mobility group box protein 1 and lipid peroxidation products released from dying or dead hepatocytes as well as CXC chemokines, are very potent promoters of neutrophil extravasation into the hepatic parenchyma. 47, 48 This response triggers complete neutrophil activation, including prolonged adherence-dependent oxidative stress and degranulation. Moreover, oxidants diffuse into hepatocytes and trigger intracellular oxidative stress. 49 Alternatively, neutrophils can express Fas ligand and kill hepatocytes through an apoptosisinduced mechanism. 50 Acetaminophen (APAP)-induced liver failure is known to activate neutrophils, which leads to neutrophil accumulation in the hepatic vasculature. Following APAP administration, a significant number of neutrophils are recruited into the liver, which results in the development of cellular injury between 4 and 24 h after drug treatment. Neutrophils are guided to the sites of liver necrosis by CXC chemokine receptor 2 (CXCR2)
and formyl peptide receptor 1, and the blockage of neutrophil infiltration by anti-granulocyte receptor 1 or combined CXCR2-formyl peptide receptor 1 antagonism has been shown to significantly reduce hepatotoxicity in mice. 51 However, the role of neutrophils in the pathophysiology of APAP hepatotoxicity is still controversial. For example, previous studies have demonstrated that pretreatment with a neutropenia-inducing anti-Gr-1 monoclonal antibody for 24 h attenuated hepatic neutrophil accumulation and liver injury. 52 However, inducing neutropenia with the same antibody treatment following APAP bioactivation did not protect against liver injury.
53 Furthermore, several antibodies against neutrophil b2 integrins have not been demonstrated to be protective in APAP-induced liver injury. 54 Additionally, APAP-induced hepatic neutrophil accumulation and inflammatory liver injury still occurred in CD18-deficient mice. 55 It was hypothesized that IL-1a and IL-1b were critical mediators of APAP hepatotoxicity. However, a massive overdose of IL-1b administered after APAP recruited more neutrophils into the liver but did not enhance APAP-induced liver injury. 56 Clinically, circulating neutrophil function indices are important biomarkers for acute liver failure. Neutrophils may be involved in the development of organ dysfunction and increased susceptibility to sepsis. 57 When used in the clinic, G-CSF provided improved survival benefits for acute-on chronic liver failure patients. G-CSF therapy was found to significantly increase the frequency of CD34 1 cells and neutrophils in the peripheral blood and to reduce patient CTP, MELD and SOFA scores. Additionally, this therapy was demonstrated to prevent the development of sepsis, hepatorenal syndrome and hepatic encephalopathy (Figure 2 ). Those data showed that therapeutically reversing defective neutrophil functions may be directly associated with the effects of acute-on chronic liver failure treatment. However, further large studies are required to evaluate this possibility.
NEUTROPHILS AND HEPATOCELLULAR CARCINOMA Hepatocellular carcinoma (HCC) is one of the most common malignant tumor types worldwide, and its incidence is increasing. It is not known what exactly causes liver cancer; however, neutrophils are thought to play a key role in both HCC formation and progression. Increased neutrophil levels have been observed in several types of tumors, but depending on the microenvironment, tumor-infiltrating neutrophils are capable of being pro-or anti-tumorigenic.
Recently, some studies have demonstrated that increased numbers of neutrophils may provide a sufficient environment for tumor growth and tumor metastasis through angiogenesis. In these studies, neutrophils were present primarily in the peritumoral stroma, and this localization enhanced tumor invasion through a mechanism involving the regulation of a paracrinemediated hepatocyte growth factor. 58 Furthermore, functional IL-17 positive cells in the peritumoral stroma were shown to stimulate CXC chemokine production from epithelial cells, resulting in increased neutrophil trafficking to tumors. 59 Accumulated neutrophils in the peritumoral stroma have been shown to be a major source of MMP-9, which can trigger an angiogenic switch at the adjacent invading edge. 60 Circulating vascular endothelial growth factor, a key pro-angiogenic factor, is also produced by neutrophils. Neutrophils can contribute to cancer metastasis through the promotion of cancer cell motility and adhesion to hepatic sinusoids. 61 Therefore, these data provide direct evidence that neutrophils play an important role in tumor progression by serving as a link between the pro-inflammatory response and angiogenesis in the tumor milieu.
Inflammatory cells and mediators are key components of the tumor microenvironment. 62 Various markers, including cytokines, C-reactive protein and the absolute blood neutrophil or lymphocyte count and ratio, have been investigated for their diagnostic roles in liver cancer. 63 Patients with a decreased NLR were found to have better survival outcomes than those with an increased NLR. For those HCC patients who underwent liver transplantation, NLR was a reliable independent predictor of overall survival and recurrence-free survival. NLR measurements have been demonstrated to be a useful and easily obtained secondary test, which can be paired with end-stage liver disease score and Milan criteria to evaluate which patients will gain the most survival benefits from transplantation. Recent reports have shown that human HCC samples expressed higher CXCR6 levels and contained an increased number of CD66b 1 neutrophils. Additionally, the combination of CXCR6 and neutrophil measurements was a better predictor for recurrence and survival in HCC patients than other methods. 64 In addition to CXCR6, CXCL5 also has the ability to promote HCC cell proliferation, invasion and intratumoral neutrophil infiltration. CXCL5 overexpression, alone or in combination with intratumoral neutrophils, was an important HCC prognostic predictor. 65 The tumor microenvironment polarizes tumor-associated macrophages toward a pro-tumor (M2) versus an anti-tumor (M1) phenotype. 66 Like tumor-associated macrophages, tumor-associated neutrophils also have differential states of activation/differentiation, suggesting a tumor-associated neutrophil classification scheme that is similar to that of the tumor-associated macrophages. Tumor-associated neutrophils can thus take on an anti-tumorigenic or a pro-tumorigenic phenotype ( Figure 3) . Recently, three distinct neutrophil subsets were identified in mice, and each subset had a different reaction to methicillin-resistant Staphylococcus aureus infection. The neutrophil subsets included freshly isolated neutrophils from normal mice (PMN-N), neutrophils that produced IL-12 and CCL3 (PMN-I) and neutrophils that produced IL-10 and CCL2 (PMN-II). 67 In humans, several reports have demonstrated that neutrophils are heterogeneous with regard to their locomotion, phagocytosis capacity, density, membrane depolarization and protein synthesis. Neutrophils from HCC patients are known to produce high levels of CCL2 and CCL3. However, only CCL2-producing neutrophils were found to be significantly increased in proportion to tumor load. These results suggest that distinct neutrophil subsets may exist in the peripheral blood of HCC patients. 68 Studying the mechanisms that can selectively modulate neutrophil function might provide novel strategies for anticancer therapies.
CONCLUSIONS
Neutrophils play a critical role in liver disease. This review has described liver neutrophil dysfunction in relation to several liver diseases, including hepatic I/R injury, viral hepatitis, non-alcoholic fatty liver disease, alcoholic liver disease, liver cirrhosis, liver failure and hepatocellular carcinoma. Great progress has been made in the mechanistic understanding of neutrophil dysfunctions; therefore, potential therapeutic approaches that aim to improve neutrophil function should also be developed.
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